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Abstract 
The present study has been undertaken in order to investigate the stability behavior of the flexible parts milling after 
considering an improved milling cutter helix angle model in which the total cutting force was obtained by integrating 
the differential cutting forces along the in-cut-portion of the flute. Very small changes in the initial and final 
immersion positions of the cutter arc segment were envisaged, to reflect the actual cutting conditions. Further the 
multi-frequency solution of the model was established for the stability prediction. The comparison of the stability 
lobes of the proposed model and Altintas zero order and multi-frequency solution model showed that the stability 
lobes with the low helix angle tend to follow the Altintas multi-frequency model and with that of the high helix angle 
tend to follow the Altintas zero order model. The experimental results showed strong agreement with the proposed 
model simulation. 
© 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of [PEEA 2011] 
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Introduction 
 The high efficiency products in the modern industries like aerospace, aircraft and automobile 
warranted the parts to be manufactured with thin sections, which greatly reduce the parts’ structural 
stiffness. The machining of these thin sectioned parts presented a very difficult stability conditions. 
Fortunately with the advent of high speed machining (HSM) the realization of machining thin walled 
parts has become possible. With HSM the metal removal rate increased dramatically through a 
combination of large axial depths of cut and high spindle speeds. One limitation on the allowable axial 
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depth is regenerative chatter. Research in the area of chatter dates back to as early as 1906 when Taylor 
stated that chatter is the “most obscure and delicate of all problems facing the machinist” [1].  
In the study addressed here the milling stability of flexible workpiece has been investigated by 
considering the improved helix angle model presented by Zixiong Lin [2], in which very small changes in 
the initial and final immersion positions of the cutter arc segment were contemplated, to reflect the actual 
cutting conditions. Multi-frequency solution of the proposed model was established. The comparison of 
the stability lobes of the proposed model and Altintas zero order and multi-frequency solution model 
showed that the stability lobes with the low helix angle tend to follow the Altintas multi-frequency model 
and with that of the high helix angle tend to follow the Altintas zero order model.  
1. Chatter Stability Model 
As shown in figure 1, the milling cutter with N teeths and the workpiece are considered to have 
flexibility in feed (x-direction), normal (y-direction) and spindle axis (z-direction) directions. �j is the 
immersion angle of the jth teeth measured from the y-direction. Ω (r/s) is the spindle speed. Tangential 
(dFt,j(�,z)), radial (dFr,j(�,z)), and axial (dFa,j(�,z)), forces acting on a differential flute element with 
height dz (see figure 2) yield to equation (1) as 
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Where �j (z) is the immersion angle at the axial distance z. �j (0) = � + j. �p, �j(z) = � + j. �p - kβ, kβ  
= (2tanβ)/D. β is the helix angle and D is the effective diameter of the cutting tool. The dynamic chip 
thickness is 
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Fig. 1. The dynamic model of milling   Fig. 2. Helical end mill & its thin disk element 
Where f is the feed per tooth, )()( Ttxtxx −−=Δ , )()( Ttytyy −−=Δ and )()( Ttutuu −−=Δ , 
)()( Ttvtvv −−=Δ are the dynamic displacements of the cutter and workpiece at the previous and present 
tooth periods, respectively. 
The function )(φig  is a unit step function to determine whether the tooth is in or out of cut, i.e. 
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Where �st and �ex are the start and exit immersion angles of the cutter respectively. 
Taking into account the dynamics of workpiece the force components in X and Y directions as derived 
by Zixiong Lin [2] are modified to: 
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where ε1=sin2 φ 1,j-sin2 φ st, ε2=2 φ st-2 φ 1,j, ε3=cos2 φ 1,j-cos2 φ st,ε4=sin2 φ 2,j+sin2(kβa- φ 2,j), 
ε5=cos2φ 2,j+cos2(kβa-φ 2,j), ε6=sin2φ ex+sin2(kβa-φ 3,j), ε7=2φ 3,j-2φ ex-2kβa, ε8=cos2φ ex-cos2(kβa-φ 3,j), 
Kt=Ktc, Kr=Krc/Ktc, φ i,j =φ i+j·φ p-kβz. 
Converting equation (4) from time domain to frequency domain  
( ) ( )
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where “*” denotes the convolution integral. Δ(ω) = (1-e-iωT)Φ(ω)F(ω) is the 
displacement/regenerative vector; Φ(ω) is the sum of the ‘Frequency Response Function’ (FRF) matrices 
of the tool/cutter and of the workpiece. The periodic directional matrix can be expanded into Fourier 
series 
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Further multi-frequency solution is established to obtain the limiting depth of cut a as  
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         �R,q,  �I,q are the real and imaginary eigenvalues. ωc is the chatter frequency. 
2. Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Stability Lobe Diagram 
For simulations purpose the cutter properties, dynamic parameters of the workpiece and cutter, cutting 
coefficients are taken from [3].  The calibrated cutting coefficients for 2 mm radial depth of cut are Kt = 
883 MPa and Kr = 34.8 MPa.  Tool dynamic parameters for 20 mm diameter 3-flute cutter are shown in 
Table 1 in X and Y directions. Workpiece dynamic parameters in Y direction are shown in Table 2. The 
dynamics of the workpiece in the feed direction (X) can be neglected due to its relative magnitude. SLD 
drawn for different helix angle against Altintas ZOA and MFS is shown in figure 3.  
The simulation of the proposed model shows that helix angle affects the stability of flexible parts 
milling. An increase in helix angle shows improved stability and the lobes tend to follow Altintas ZOA 
model, while lobes drawn by small helix angles tend to follow Altintas MFS.  
Table 1. Tool dynamic parameters in X and Y directions. 
 
Mode/ 
Direction  
Natural frequency,   ωn  (Hz)   Modal stiffness, k      (×107 Nm−1)  Modal damping  ratio, ζ(×10−2) 
X Y X Y X Y 
1  1306.9361  1262.6637  1.0657  1.2149  7.9626  3.4316  
2  1897.8177  2074.2514  5.6677  2.2493  4.4413  7.7559  
3  2195.3198  2684.0002  6.6598  3.1113  5.0610  2.9063  
4  2686.9228   3.1818   3.6897   
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Table 2. Workpiece dynamic parameters in Y directions. 
Mode  Natural frequency, ωn (Hz) Modal stiffness, k (Nm−1) Damping ratio, ζ(×10−3 ) 
1  3173.9925  1.1926 × 107  6.5375  
2  3248.6874  1.1603 × 109  4.1127  
3  3453.1690  7.6657 × 106  3.4466  
4  3848.8494  9.6280 × 108  4.9615  
5  4356.7756  1.6621 × 107  5.3526  
3. Verification 
In order to verify the proposed thin walled workpiece shown in the figure 4 is machined on 5-axis 
machining center Mikron UCP710. The dynamic parameters of the 2 flute, 12 mm diameter, 30o helix 
angle carbide end mill cutter in X and Y directions are shown in table 3. The workpiece transfer function 
is identified in the normal direction (Y) as the dynamics in the feed direction (X) can be neglected due to 
its relative magnitude (table 4). The test system for acquiring the dynamic parameters is composed of a 
hammer Dytran5800B4 (2.25mV/N), an acceleration sensor 3035B1G (10mv/g), a NI-USB9234 DAQ 
card and the software MALTF (a module of CutPro). The cutting coefficients of Al 7075, Kt = 999.28 
MPa, Kr = 426.4 MPa are obtained as [4].   
With the parameters above, the stability lobes are plotted using the proposed method (figure 5). Four 
cases marked as A, B, C and D are chosen to be analyzed. The workpiece dynamic response was 
measured using an accelerometer.  
Points A and D are selected in the stable region. Frequency spectrums of tests A and D are dominated 
by the tooth passing frequency (ωT) harmonics indicating a stable cutting. On the other hand frequency 
spectrums of tests B and C contains the odd harmonics (ωc) of half tooth passing frequency (flip 
bifurcation) along with the tooth passing frequency harmonics indicating the unstable state of the cutting 
process.  
Table 3. Tool dynamic parameters in X and Y directions. 
 
Table 4. Workpiece dynamic parameters in Y directions. 
Mode/ 
Direction  
Natural frequency, ωn (Hz)   Modal stiffness, k   (×107 Nm−1)   Modal damping  ratio, ζ(×10−2) 
X Y X Y X Y 
1  945.7014 1130.478 187.97 5.14 0.41 4.188 
2  1127.9475 1804.498 17.090 7.488 1.191 7.95 
3  1817.8964 2868.2775 5.95 2.6308 11.4 6.413 
4 2845.67 3701.3456 3.63 2.0197 6.668 4.65 
5  3834.5161 4579.586 2.2089 19.05 5.5111 2.832 
Mode  Natural frequency, ωn (Hz) Modal stiffness, k (Nm−1) Damping ratio, ζ(×10−2 ) 
1  1980.1 9.6048 × 105  1.356 
2  3562.29 2.2784× 107  0.347 
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Fig. 4. Thin walled workpiece    Fig. 5. Proposed model SLD 
4. Conclusion 
Chatter in machining is the most crucial problem faced by the modern machining industry, and its 
prediction, elimination and control become even more critical when the part to be machined is flexible. 
The present research shows an important contribution in the stability analysis of flexible parts milling by 
studying the influence of helix angle of milling cutter after contemplating very small changes in the initial 
and final immersion positions of the cutter arc segment, to reflect the actual cutting conditions. 
The attention-grabbing outcome of the current paper shows that stability of flexible parts’ milling 
increases with the high helix angle of the cutter. With the high helix angle, the high harmonics of the 
directional coefficients be likely to cancel out and the stability lobes drawn tend to follow Altintas ZOA 
model, while for the case of low helix angle Altintas MFS shows conformity with the proposed model.  
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Fig. 6. Acceleration spectrum of point A 
798  Muhammad Masud Akhtar et al. / Procedia Engineering 23 (2011) 792 – 798 Muhammad Masud Akhtar et al./ Procedia Engineering 00 (2011) 000–000 7 
 
Fig. 7. Acceleration spectrum of point B 
 
 
Fig. 8. Acceleration spectrum of point C 
 
Fig. 9. Acceleration spectrum of point D 
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